Extensive studies in our laboratory using different ribonucleases ressuited in valuable data on the topography of the E.ooli 16S ribosomal RNA within the native 30S subunit, within partially unfolded 30S subunits, in the free state, and in association with individual ribosomal proteins. Such studies gave precise details on the accessibility of certain residues and delineated highly accessible RNA regions. Furthermore, they provided evidence that the 16S rRNA is organized in its subunit into four distinct domains. A secondary structure model of the E.ooli 16S rRNA has been derived from these topographical data. Additional information from comparative sequence analyses of the small ribosomal subunit RNAs from other species sequenced so far has been used.
INTRODUCTION
In the last few years, considerable interest has developped in the fine structure of Esoherichia coli ribosome. A variety of studies have focused on the three-dimensional arrangement of ribosomal proteins thus giving rise to several proposals for a protein topography of the prokaryotic ribosome.
Nevertheless, the question still remains as to how the ribosomal RNA chains are arranged relative to the ribosomal proteins in a complex organelle and also how the biological functioning of ribosomal RNAs is correlated to their structural organization.
The architecture of the 16S rRNA within the E.ooli small ribosomal subunit is beginning to emerge through considerable information which now accumulates on the folding of the RNA chain. Completion of the nucleotide sequence of 16S rRNA (1-3) has allowed investigation of the secondary structure of the nucleotide chain. Two secondary structure models have been publi- Valuable topographical data on the 16S rRNA structural organization have accumulated during the last few years through work done in our laboratory and in collaboration with other groups. All available information has been compiled from the following studies:
1. Topographical study of the S'-region of the 16S rRNA in the presence or in the absence of protein S4 (6,7) and its accessibility to carrierbound RNase A (6).
data, we have also included results from Noller's group on the reactivity of guanylic residues towards kethoxal modification in either active and inactive 30S subunits or in 70S ribosomes (19) (20) (21) . Comparison of these various topographical studies enabled us to draw precise conclusions on the organization of 16S rRNA into structural domains. This detailed investigation provided also a strong data base for RNA secondary structure modelbuilding. To help us in this task, we have made use of an original computer program for generating secondary structures with minimal free energy (22) . The total number of potential base pairings was restricted by integration of all the available accessibility data into the computer program. In addition, comparative sequence analysis has been used for selection of secondary structure motifs. This phylogenetic comparison based on recently available small ribosomal subunit RNA sequences from other species or organelles provided strong evidence for secondary structure conservation. Combination of all these criteria enabled us to establish a secondary structure model for the E.ooli 16S rRNA which turns out as being in good accordance with the model of Woese et al. (4) . It also agrees with certain secondary structure motifs proposed by Glotz and Brimacombe (5) .
Further the proposed secondary structure model illustrates the organization of the 16S rRNA into the distinct domains that can be defined from topographical studies.
MATERIALS AND METHODS
This section presents a brief review of the numerous approaches used in our study. Preparation of all the materials (i.e. 32 P-labeled 30S subunits or free I6S rRNA, RNA-protein complexes, etc.) and relevant experimental procedure have been fully described in previous reports. Some other methods will be reported elsewhere.
1) Enzymatic hydrolysis of RNA-protein complexes
Specific 16S rRNA-protein complexes were digested by either RNase Tl or RNase A. The resulting ribonucleoprotein particles were isolated by electrophoresis on polyacrylamide gels containing Mg + + or by sucrose gradient centrifugation. The associated RNA fragments were dissociated and fractionated by SDS/urea-polyacrylamide gel electrophoresis. Fully detailed experimental procedure is given in ref. (6, 7, 9) for specific complexes with isolated ribosomal proteins S4.S2O, S8 and S15 and in ref. (8) for the complex of 16S rRNA with proteins S6, S8, S15 and S18.
2) Search for RNA-RNA interactions mn to 18h) in Tris-HCl 20 mM pH 7.5, Mg acetate 10 mM, NH4CI 60 mM, 2-mer-captoethanol 6 mM. The digest was treated with phenol and the RNA fragments fractionated by electrophoresis on polyacrylamide slab gels containing urea.Detailed procedure will be fully described elsewhere (16).
7) RNA sequence analysis and localization of enzymatic cleavage points The 32p-un if orm iy labeled RNA fragments obtained from the various enzymatic hydrolyses were usually repurified by an additional electrophoresis cycle and eluted. They were then subjected to complete digestion either by RNase Tl in the presence of alkaline phosphatase or by RNase A prior to oligonucleotide two-dimensional fingerprinting analysis (26) . Characteristic Tl and pancreatic oligonucleotide fingerprints were obtained for each RNA fragment and allowed to unambiguously localize this fragment in the 16S rRNA sequence. Further analyses were sometimes needed to ascertain the 5' and 3' extremities of an RNA fragment. Numerous cleavage sites have been determined during the sequence analysis of the 16S rRNA (2, 3, 14) .
8) Comparative sequence analyses
Several small ribosomal subunit RNA sequences of either related species or other organisms became available at the time we were refining our model. The following sequences were used for phylogenetic information: 1. the 16S rRNA from Proteus vulgaris (27) ; 2. the 16S rRNA from Zea mays chloroplast (28); 3. a partial sequence of yeast 18S rRNA (29); 4. the mitochondrial 12S rRNA from human placenta (30); 5. the 220 nucleotide-3'-terminal sequence of Bombyx mori 18S rRNA (31) . More recently, several other sequences were published: the mitochondrial 12S rRNA from mouse (32), the mitochondrial 15S rRNA from yeast (33) , the completed sequence from yeast 18S rRNA (34) and the 3'-terminal sequences of 18S rRNAs from Drosophila melanogaster (35) and Xenopus leavis (36, 37) and of mitochondrial I3S rRNA from hamster (38) .
The nucleotide sequence of Proteus vulgaris 16S rRNA was determined in this laboratory by the rapid gel sequencing methods (27) . Partial hydrolysis by RNase Tl or cobra venom RNase generated suitable fragments. Digestion products were labeled either at their 5'-ends with Y -( P)ATP or at their 3'-ends with 5'-(32p)-pCp and sequenced by the enzymatic method of Donis-Keller (3y) and by the chemical procedure of Peattie (40) . The primary structure of Proteus vulgaris 16S rRNA and its sequence derivation will be published elsewhere (27). In our laboratory, considerable information has accumulated on the topography of 16S rRNA within the intact 30S subunit, within partially unfolded 30S subunits, in the free state, and in association with individual ribosomal proteins. Such studies gave precise details on the accessibility of certain residues and delineated highly accessible RNA regions. In order to illustrate a complete set of topographical data, we present in Figure 1 Two of them (777 and 916) also exist in partially unfolded subunits (R).
Enzymatic cleavage at position G916 in the free 16S rRNA generates the 12S and 8S RNA fragments (see Fig. 1 ) and splitting at this sensitive site in partially unfolded 30S subunits gives rise to distinct ribonucleoprotein fragments (RNP-II, IIIA and IIIB in Fig. 1 ). Yet the same position is not reactive to kethoxal modification in active 30S subunits (K) and is only slightly sensitive to Tj RNase attack in native 30S subunits (W). Denaturing treatment of 30S subunits by 2M urea (see § 4 in Materials and Methods) or Mg + + -depletion using EDTA (20) are necessary to unmask this strategic position.
There is a fine correlation between the sensibility of G residues to RNase Tj hydrolysis and kethoxal modification in active 30S subunits, with both these structural probes having single stranded G residues as targets.
Among the 24 kethoxal reactive sites, 18 correspond to major RNase Tj cleavage sites or sometimes they are located very near to them in highly susceptible RNA sequences in W,R and F (see hatched and dark areas in Fig.l (Fig. 1) . Three other kethoxal-modified residues (529, 1052 and 1337) are not cut by RNase T f in W and F, but become sensitive in R. These minor discrepancies might reflect the unequal molecular weights of the two probes or slight differences in conformation of the RNA molecule. Most of the preferential T] RNase cleavage sites are actually reactive to kethoxal modification in active 30S subunits thus providing further evidence for their location in highly exposed single stranded RNA regions.
On the other hand, cobra venom RNase has been used for investigation of nucleotides located in exposed double stranded RNA regions. When the isolated 30S subunit is digested under progressively stronger conditions, enzymatic cleavage proceeds as highly reproducible chronological events. In summary (see Fig. 1 Finally, the 3'-terminal one third of the RNA molecule (1020 to 1541) undergoes extensive breakdown leaving a resistant ribonucleoprotein core particle containing the remaining 5'-two thirds of the RNA (1 to 1019). As expected from its different specificity, the cobra venom enzyme gives a dissimilar distribution of cleavage sites in 30S subunits when compared to the RNase T] and kethoxal sensitive sites (Fig. 1 ) Nevertheless, almost all the early cobra venom RNase cleavage sites are located in close vicinity of T| RNase or kethoxal susceptible residues (cleavage at positions 78, 88, 839, 1161, 1407-1408, 1488 + 3). The relevant RNA regions must therefore be highly accessible at the surface of the 30S subunit.
Structural domains .
The topographical studies summarized here provide evidence that the 16S rRNA is organized in its subunit into 4 distinct domains (see Fig. 1 ) which behave differently and specifically towards enzymatic and chemical structural probes (18) . Each domain is defined in terms of : (i) its intrinsic susceptibility to enzymatic digestion and chemical modification; (ii) its relation with either an individual ribosomal protein or a group of proteins; (iii) its ability to generate well-defined and stable RNA or RNAprotein particles after mild enzymatic digestion. a) 2222iS_I_Iizll §l : this 5'-proximal RNA region contains a limited number of RNase T| sensitive sites in W,R and F when compared to the remaining two-thirds of the molecule. Only two major RNase Tj cutting sites are observed in the 30S subunits at positions 6 and 86. There are much more cobra venom RNase cleavage sites in this domain than in the rest of the molecule; the distribution of these cutting sites is different from that of the Tj RNase cuts. A small RNA region, encompassing nucleotides 72 to 94, is particularly susceptible to the cobra venom enzyme; it contains one major T f RNase sensitive site which is also kethoxal-reactive (G86). This strongly suggests that nucleotides 72 to 94 are located at the surface of the subunit. The RNA of domain I contains the binding sites for proteins S4 and S20. Deproteinization of the ribonucleoprotein obtained from RNase T. hydrolysis of the protein S4-16S rRNA complex shows the existence of short and long range RNA-RNA interactions (10) . Furthermore, several of these base-pairings are still stable in 4M urea as evidenced by the isolation of a tight complex between RNA fragments 16-86, 87-246, 362-516 and 530-556. Another strong interaction that occurs between RNA fragments 86-154 and 156-246 can be detected through polyacrylamide gel electrophoresis, even in the presence of 6 M urea (23). Detailed topographical studies on the protein S4-RNA binding site demonstrate that this region of the molecule folds up into a highly-organized structure. This tight structural organization preexists in free 16S rRNA, since the same RNA region can be isolated as a resistant core after partial hydrolysis of the 16S rRNA in the presence or absence of protein S4 (6,7; see S4-RNA in Fig. 1 ).
It is also interesting to note that one of the cobra venom RNase cleavage sites (position 336) in the 30S subunit becomes insensitive to hydrolysis in the 70S ribosome (16) , whereas in this domain, no kethoxal-sensitive residues have been detected whose reactivity is affected by the binding of the large subunit (19) . It is, however, not possible to ascertain whether this site is directly protected or becomes masked as the result of a conformational change induced by the binding of the 50S subunit. b) Domain_II_£55739262 : this central region is highly sensitive to both Tj RNase digestion and kethoxal modification. The most exposed sites are residues 684, 704, 790, 802 and 843. On the other hand, there are only two cobra venom RNase cleavage sites in this region, at residues 772 and 839.
The hydrolysis of the 16S rRNA associated with proteins S6, S8, S15 and S18 produces a ribonucleoprotein particle that sediments at 7S and contains almost all the RNA from the central domain (8, see also Fig. 1 ).
The RNA fragments extend from nucleotide 562 to nucleotide 891, but with several sequence excisions (686-700, 779-812). The RNA fragments associa-ted with proteins S8 and/or S15 have been extensively studied by different groups (9, 41, 42; see Fig. 1 ). These studies provided at that time a first basis for the structural organization of the proteins S8 and S15 binding sites. In a previous work (11), evidence has been brought that, after very mild RNase T] digestion of the 16S rRNA-protein S4 complex, a large RNA region is found associated with protein S4 (S4-RNP I in Fig. 1 ). This RNA region, which is larger than the usual S4-RNA binding region (S4-RNPII in Fig. 1) contains additional sequences at the 5' and 3'-ends (nudeotides 6-15 and 557-574). It comprises also three fragments (818-843, 844-857 and 869-877) that derive from the distal part of the central region and are separated by about 260 nucleotides from the S4-RNA region (7, 11) . Evidence has been presented that these three fragments interact with the S4-RNA within the 16S rRNA structure in the absence of protein S4 thus providing experimental support for the existence of a long range interaction between these additional sequences. A similar interaction between widely separated RNA sequences has been observed when partially unfolded 30S subunits were digested with RNase Tj. One of the three resulting RNP-particles (RNP-IIIB in Fig. 1 ) contains fragments 818-843 and 844-916 in addition to the RNA region 6 to 574 associated with proteins S4, S6, S15/16 and S20 (manuscript in preparation).
Some kethoxal sensitive sites that are reactive in 30S subunits are protected in 70S ribosomes (G673, 702, 704, 790, 802 and 817) and appear to be involved in subunit association (21) . One of the two cobra venom RNase cleavage sites located in the central domain (position 772) in the 30S subunit is also protected when the large subunit is associated (16) . This result reinforces the view that this central RNA domain is located at the interface of the two subunits (19) . c)pomain_III £9J.7-n922 : this large RNA domain encompasses most of the 3"-region of 16S rRNA. Several residues of this domain are particularly exposed to Tj RNase digestion or kethoxal modification (1073, 1078, 1093, 1165 and 1278). Besides, only two major cobra venom RNase cleavage sites are located in this domain, at positions 1019/1020 and 1161. Domain III is defined by a ribonucleoprotein (RNP-IIIA in Fig. 1 ) that is obtained by mild hydrolysis of partially unfolded 30S subunits. The RNA fragments associated with proteins S7, S9, S10, S13, S14 and S19 extend from nucleotides 917 to 1391 with excision of residues 1073 to 1098 (manuscript in preparation). A similar RNP fragment has already been described (25) whose deproteinization led to the isola-tion of an RNA-RNA complex involving sequences 926 to 1053 and 1166 to 1391 (43) . This result suggests the actual existence of long range interactions in this area. Other evidence for RNA-RNA interactions has been provided by the reproducible association of fragments 917-965 and 1361-1493. These fragments were isolated in the absence of urea from partial ribonuclease digests of 16S rRNA (10, 14) .
The association of the two subunits does not mask any cobra venom RNase cleavage site. On the other hand, residue G1165 becomes unreactive to kethoxal modification after 50S subunit binding (19) , but has been reported to be essential for subunit association (21) .
• " this region is structurally well-individualized since it can easily split following enzymatic digestion of partially unfolded 30S subunits (12, 44) . This domain is particularly exposed to all nuclease digestion and kethoxal modification, especially residues around position 1400 and residues from the 49 last nucleotides.
In addition, several kethoxal-reactive sites (G14O4, 1496, 1515 and 1516) become unreactive in the 70S ribosome (19) and are directly involved in subunit association (21) . The binding of the large subunit also masks all the cobra venom RNase sensitive sites. All these results strengthen the idea that the 3'-area of the 16S rRNA, together with the central region, are very exposed in the isolated subunit and located at the interface between the two sutunits (19, 21) .
Folding of the RNA chain.
The folding-or secondary structure-of an RNA molecule is determined by the sequence of its nucleotides. Since the total number of the theoretical base pairings and their topological combinations are so immense, restrictions must be introduced. Therefore, we have made full use of all the topographical data described above as well as information generated from comparative analyses of available small ribosomal subunit RNAs (see list in M. & M.). Careful sequence matchings allowed correct identification and precise location of sequence homologies between the E.coli 16S rRNA and other rRNAs. We have considered that there is good evidence for the actual existence of a given helix if at least one double base change leads to the conservation of this helix in one other rRNA molecule.
Accessibility data have been directly built into a computer program that is capable of folding sequences up to 600 nucleotides on the basis of free energy values and precise topological rules (22) . The 16S rRNA was therefore subdivided, not arbitrarily, but according to the topographical studies that delineate distinct structural domains in the molecule. Further refinements were done using specialized programs derived from the basic one, i.e. the search for local structures and the evaluation of long range interactions after excising motifs already selected with high confidence. This computer assistance helped us to retain many plausible secondary structure schemes. Nevertheless, final selection was essentially done by hand according to experimental observations and phylogenetic comparison that could not be easily used by the computer program directly.
The secondary structure model we worked out for the E.coli 16S rRNA is illustrated in figure 2 which also indicates all the various accessibility data reported above. Helices which are supported by phylogenetic evidence are indicated by bars. It must be noted that some other helices are preserved by strict nucleotide sequence conservation, but are not indicated in Fig. 2 . A preliminary version of this secondary structure model has already been presented (45) and a brief report on the refined model has been published elsewhere (46) . In this secondary structure model of the 16S rRNA, almost 49 percent of the nucleotides are base paired, thus forming 57 double helical regions. 44 of these helices are conserved in other rRNA molecules through coordinate base changes.
The folding of the 16S rRNA nucleotide chain is mainly directed by five long range interactions, e.g. base pairing between sequences widely separated in the primary structure, (i) 27-37/546-555, (ii) 563-569/879-885, (iii) 925-932/1383-1390, (iv) 945-954/1224-1234 and (v) 983-989/1214-1220. Three of these base pairings have a structural key-role since they delineate the four distinct structural domains which have been defined by the topographical studies. Domain I is delimited by the long range interaction involving nucleotides 27-37/546-555. This base pairing is found unchanged in P.vulgaris 16S rRNA and conserved through compensatory base changes in all other rRNAs, thus providing strong evidence for its actual existence. Domain II is delineated by the long range interaction between nucleotides 563-569 and 879-885. This base pairing is identical in P. vulgaris and Zea mays chloroplast 16S rRNAs and partially preserved in all other RNAs. Domain III is basically organized by the long range interaction between nucleotides 925-932 and 1383-1390 which is maintained through compensated base changes in almost all eukaryotic RNAs. It is strictly conserved in the 16S rRNA from P.vulgaris and Zea mays. This large RNA domain is also structurally set up through two closely-located long range base pairings rt'w .7.V-" been detected (48) . Evidence for this base pairing is given by compensatory base changes in the yeast mitochondrial 15S rRNA. In the other species, very similar-but not identical-structures can be drawn. Since conformational heterogeneity has been shown to occur in this region, the folding we propose may only be one of the possible alternatives. Such secondary structures may exist as transient structures in distinct 16S rRNA conformations. They might be directly related to precise events of the protein biosynthesis as already suggested by other authors (4, 5 ) . (v) The four base-pair helix involving the 3'-tenninal pyrimidine tract is proposed in our model on the basis of two adjacent cobra venom RNase cleavage sites occuring at positions 1538 and 1539. It must be noted that the enzymatic digestion has been carried out at 0°C. Therefore, this small helix that has been observed at this temperature may most likely not exist at physiological temperature (49).
Concluding remarks.
Topographical studies using nucleases as structural probes clearly
show that the 16S rRNA folds up within the subunit into distinct domains which behave specifically towards ribonuclease attack. It is noteworthy that these topographically-specified domains can also be defined in terms of secondary structure. The different domains actually interact with welldefined groups of proteins and can be related either to structural or functional roles of the 16S rRNA.
Exhaustive comparative analysis of all very recently published nucleotide sequences of small ribosomal subunit RNAs shows that numerous secondary structure motifs have been preserved through evolution (manuscript in preparation). As already mentioned above, many of the long range interactions proposed for the E.coli 16SrRNA also occur in all other species, thus giving rise to a common basic folding pattern. Moreover, particular secondary structure features proposed for the E.coli 16S rRNA are conserved in all the small ribosomal subunit RNA molecules sequenced so far and are therefore candidates for being universal structures. These secondary struc- (*) The B.ooli 16S rRNA numbering system used in this paper is the one given in ref. (1 and 3) . Actually, the E.coli I6S rRNA encompasses 1542
nucleotides. An additional nucleotide, whose variable identity (G or U) is due to cistronic heterogeneity, is located between nucleotides 88 and 89.
This nucleotide had been earlier regarded as the result of an insertion.
